ABSTRACT In this paper, a fault severity estimation method is presented for high-resistance connection (HRC) in a permanent magnet synchronous machine drive system, being dependent upon the zero sequence voltage component (ZSVC) and stator currents. According to the relationship between the stator current, ZSVC and resistance deviations, a bivariate quadratic equation group is established with regard to the resistance deviations caused by HRC. The resistance deviations are obtained by solving the equation group. Based on the obtained resistance deviations, not only the fault is diagnosed and the faulty phase is identified, but also the HRC fault severity is estimated. Both the simulation and experiment are studied to validate the fault severity estimation method. The results verify the effectiveness and robustness of the proposed fault severity estimation method. 
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I. INTRODUCTION
In recent years, permanent magnet synchronous machines (PMSMs) are highly applied into electrical vehicle [1] , wind power generation system [2] , and transportation [3] due to their advantages of high power density and high efficiency. In these field, the PMSM reliability is very important. However, high-resistance connection (HRC) usually occurs in the industrial electrical machine. It is caused by several factors, such as thermal cycling, poor workmanship and damage of contact surfaces. Due to the HRC, the torque pulsation and loss may be increased [4] . As the evolution of this type of the electric fault is not diagnosed in time, its propagation can cause serious unexpected consequence. Hence, the fault diagnosis is very necessary, which can avoid the damages to the electric machine and enhance the reliability of the electric machine system [5] .
As is known, many fault diagnosis methods are proposed for the PMSM drive system, mainly focusing on short-circuit fault [6] - [9] , static/dynamic eccentricity [10] - [14] , partial/ uniform demagnetization [15] - [18] , and open phase fault [19] - [21] , while the HRC is rarely researched for the PMSM. The studies on the HRC firstly started with induction machine (IM), and they were mainly dependent on voltage drop survey [22] , upstream impedance measurement [23] , infrared thermograph [24] , multi-reference frame controller [25] , inverse negative sequence regulator [26] , current [27] , [28] and voltage [29] , [30] . Nowadays, a few literatures begin to focus on the HRC fault diagnosis in the PMSM drive system. In [31] , the zero-sequence voltage component (ZSVC) and the stator currents are used to detect the HRC. In [32] , the HRC fault detection and location of the faulty phases are realized by the improved fault indicator and the defined angle difference, respectively. In [33] , ZSVC is applied to detect the HRC of the ninephase electrical machine. In [34] , the zero-sequence current component and stator current are applied to diagnose the HRC. In [35] , two different methods are studied to diagnose the HRC, and they are dependent upon the power signature and stator current, respectively. By the methods proposed in [31] - [35] , the fault can be diagnosed and the faulty phases can be located. However, the fault severity cannot be quantitatively estimated, especially for the HRC occurring in more than one phase. In [36] , the fault severity can be quantitatively estimated, however, the faulty phases are required to be known in advance. In [37] , the required injection signals increase the complexity of the fault severity estimation. This paper presents a HRC fault severity estimation method, where the quantitative fault severity factor is defined, being further research on the basis of [32] . The method proposed in this paper not only can realize the HRC fault detection and location of the faulty phase, but also can achieve the fault severity estimation, overcoming the shortcoming that the fault severity cannot be estimated in [32] . The remainder of this paper is organized as follow. In Section 2, the fault severity estimation is described. In Section 3 and Section 4, both the simulation and experiment platform are established to verify the proposed fault severity estimation method, respectively. Finally, conclusions are drawn in Section 5.
II. FAULT SEVERITY ESTIMATION A. MATHEMATICAL MODEL OF PMSM
Neglecting the saturation, the voltage equations for the PMSM are written as  
where θ is rotor electrical position, λ PM ,1 is amplitude of fundamental component, λ PM ,v is amplitude of vth harmonic component, θ v is the angle between the fundamental component and vth harmonic component, k is an integer.
B. ZERO SEQUENCE VOLTAGE COMPONENT
In this paper, the artificial neutral point is created by using three-phase balanced resistor network [15] , [32] , [38] , as presented in Fig. 1 . This paper uses the ZSVC u 0,m shown in Fig. 1 for estimating the HRC fault severity, which can be decoupled from the effects of the PMSM drive, and the ZSVC u 0,m can be written as
where λ PM ,0 is written as For the sake of subsequent convenience analysis, the phase resistances R a , R b and R c are defined as
where R m is average value and is equal to (R a + R b + R c )/3, R j (j = a, b, c) is the resistance deviations caused by the HRC, and is satisfied as
By substituting (5) and (6) into (3), it has
In the PMSM, the sum of three-phase stator currents is always equal to zero.
By substituting (8) into (7), it has
As the harmonic components are neglected, the stator currents are written as
where θ j and I j (j = a, b, c) are the initial phase angle and the amplitude of the stator current i j , respectively. By substituting (10) into (9), it generates
where U and α are the amplitude and the initial phase angle of ZSVC u 0,m , and are given as
It is known from (12) that U and α are dependent on the resistance deviations, initial phase angle and the amplitude of the stator currents.
C. FAULT SEVERITY ESTIMATION
As is known, fast Flourier transform (FFT) are commonly applied to extract the initial phase angle and the amplitude of the measured ZSVC u 0,m and stator currents. Then, by substituting the initial phase angle and amplitude into (12), a bivariate quadratic equation group is established with respect to the resistance deviations. Hence, through solving the equation group, the resistance deviations can be obtained, and the detailed calculation process can be addressed to Appendix A.
In addition, it should be noted that there may be more than one set of the solution for the quadratic equation group, possibly including multiple sets of real solutions and multiple sets of complex solutions. In this paper, only the real solutions are necessarily considered and one set of the suitable real solutions are required to be selected. To determine the suitable real solution, the angle differences [32] is adopted and is expressed as
In order to facilitate the analysis, whatever the fault is appeared in two phases or one phase, it is assumed that the fault is uniformly appeared in two phases, where the fault in one phase is regarded as an especial case of the fault in two phases. Therefore, Table 1 summarizes the relationship between the angle differences and the resistance deviations, and the detailed derivation of the values given in Table 1 can be addressed to Appendix B. 
, it means that the HRC happens, the fault occurs in phase j, and the fault severity is represented by (
The flow diagram is shown in Fig. 2 for estimating the HRC fault severity, and is described as follow:
Step 1: The ZSVC and stator currents are sampled from the PMSM drive system.
Step 2: FFT is used to extract the initial phase angle and the amplitude of the sampled ZSVC u 0,m and stator currents.
Step 3: By substituting the extracted initial phase angle and the amplitude into (12), the resistance deviations can be calculated through solving the bivariate quadratic equation group,
Step 4: The suitable real resistance deviations are determined based on Table 1 .
Step 5: Judge whether the HRC occurs, if the HRC occurs, go to Step 6; otherwise go to Step 2.
Step 6: Estimate the HRC fault severity based on the determined resistance deviations. It should be noted that the fault severity estimation method is not influenced by the symmetrical change of the stator resistance (e.g. caused by a uniform temperature increment). The reason is that the symmetrical change only affects the R m , while R m is not considered in (12) .
Additionally, one disadvantage of the proposed method may be that the accessible neutral point of the stator windings is required. However, in the case of fault tolerant drive system, the neutral point usually leads out and connects to dc bus midpoint or a redundant inverter leg [39] . Hence, the disadvantage may be offset because the fault can be detected, thus making the system more reliable.
Moreover, it is noted that the proposed method does not need to be continuously computed due to the slow dynamic of the degradation mechanism of the HRC, which makes it possible to apply the proposed method in one fundamental period during the operation of the PMSM.
III. SIMULATION VALIDATION
The simulation is studied based on MATLAB/Simulink to test the effectiveness of the fault severity estimation method. To simulate the HRC, an additional resistance R add is connected in series with the stator winding during the simulation process, where R add is different from R in (5). The detailed relationship between R add and R can be addressed to Appendix C. Table 2 provides the main parameters of the studied PMSM. In addition, the PMSM control diagram is presented in Fig. 3 , in which the i d = 0 based method is applied to achieve the control of the PMSM. A. OPERATING PERFORMANCE Fig. 4 and Fig. 5 present the simulation waveforms of the stator currents, speed, electromagnetic torque and ZSVC u 0,m under healthy condition and fault condition, respectively, in which the load is equal to 2 N.m and the reference speed of the PMSM is equal to 600 r/min. In addition, under fault condition, the HRC occurs in the phase a (R add_a = 5 ). It can be seen from Fig. 4(a)-(d) and Fig. 5(a)-(d) that the HRC has no obvious influence on the stator currents, speed, torque and ZSVC u 0,m just observed from the time-domain waveforms. As seen from Fig. 4(e) and Fig. 5(e) , the ZSVC u 0,m is obviously affected by the HRC fault, showing that the fundamental component is generated.
B. HRC FAULT SEVERITY ESTIMATION
It has been stated the resistance deviation R is different from the additional resistance R add . Hence, (14) is used to further process the resistance deviations, and in the following studies, the obtained resistance deviations R are all replaced by δR. Accordingly, the descriptions about the fault severity estimation is adjusted: If δR j (j = a, b, c) > 0, it is indicated that the HRC occurs in the phase j, and the HRC fault severity is estimated by δR j .
To quantify the fault severity, the theoretical fault severity factor F T and estimated fault severity factor F E are respectively defined as
where R s is the rated value of the stator resistance, R add_j is the additional resistance connected in the phase j. In the simulation, seven values of R add are studied, namely 0.2 , 0.5 , 1 , 1.5 , 3 , 5 and 10 , where F T are equal to 1.9%, 4.7%, 9.5%, 14.3%, 28.5%, 47.6% and 95.2 %, respectively. Firstly, the HRC is studied in the phase a, where the reference speed of the PMSM is equal to 480 r/min and the load is equal to 57.1% rated load. For different fault cases, the simulation results are listed in Table 3 . It is seen that the deviation resistance δR a is obtained and is nearly equal to the actual value of the R add_a connected in the faulty phase, even for an incipient stage (F T = 1.9%). Then the fault in two phases is studied, where two additional resistances (R add_a and R add_b ) are connected in the phases a and b, respectively, and the calculated resistance deviations are provided in Table 3 . As seen from Table 3 , the obtained resistance deviations (δR a and δR b ) are equal to the actual values of the additional resistances (R add_a and R add_b ) connected in the faulty phase.
Additionally, the theoretical fault severity factor F T and the estimated fault severity factor F E are also listed in Table 3 . It is seen the estimated fault severity F E is nearly equal to the fault severity F T as the HRC occurs in one phase or two phases.
From the simulation results, it is clearly shown that the proposed method can effectively achieve the HRC fault detection and location, and fault severity estimation by the estimated resistance deviations as the HRC occurs in one phase or two phases.
C. ROBUSTNESS ANALYSIS
The simulation is performed under different operating points to further verify the proposed method, where the additional resistance R add_a = 3 is added in the phase a. Table 4 and  Table 5 list the calculated resistance deviations at different speeds with 57% rated load and at different loads with the speed of 600 r/min, respectively. As seen from Table 5 and  Table 6 , the obtained resistance deviation δR a are hardly influenced by the operating point, thus showing the good robustness of the proposed method. is equal to 1 N.m, and the reference speed is changed from 300 r/min to 900 r/min at the instant t = 2 s. At the time t = 2∼4 s, the reference speed is 900 r/min, and the load is changed from 1 N.m to 3 N.m at the instant t = 3 s. It can be seen that, during the load and /or speed transient processes, the stator currents and ZSVC u 0,m are influenced by the sudden change of the speed and /or load. Hence, the amplitudes of fundamental components of the stator current and ZSVC u 0,m cannot be accurately extracted by the traditional method (FFT). Some advanced signal processing techniques (e.g. Short time Fourier transform, wavelet transform) can be used to extract the amplitudes of fundamental components of the stator current and ZSVC for fault diagnoses during load and /or speed transient processes [38] . However, the complexity of the proposed method will be greatly increased.
Furthermore, in Section II.C, it has been noted that the proposed method does not need to be continuously computed due to the slow dynamic of the degradation mechanism of the HRC. Hence, it is not necessary that the fault severity is estimated during load and/or speed transient process. It is enough to achieve fault diagnosis as the PMSM drive system returns to the steady state after the change of the speed and/or load, thus reducing the complexity of fault diagnosis.
IV. EXPERIMENTAL VALIDATION
To further verify the proposed fault severity estimation method, the experimental platform is established and is presented in Fig. 7 , which mainly consists of two PMSMs, hardware circuit and dSPACE DS1103 controller. In this platform, one PMSM is used as load machine, and the other one is used as test machine, and two PMSMs are connected through one coupling. The load of the test PMSM is imposed by a load PMSM. The load PMSM is controlled by i d = 0 control FIGURE 7. Experimental platform. VOLUME 7, 2019 method, and the load torque is adjusted by the control of the load PMSM. Fig. 8 shows the control diagram of the test PMSM and load PMSM. The dSPACE is used to control the PMSMs. The parameters of two PMSMs are the same and are presented in Table 2 . In the experiment, the HRC is studied by adding the additional resistances in the stator windings, and several additional resistances are studied, namely 0.8 (F T _a= 7.6%), 1.6 (F T = 15.2%), 2.4 (F T = 22.8%), 5 (F T = 47.6%), 10 (F T = 95.2%). 
A. HRC FAULT SEVERITY ESTIMATION
First, it is noted that, due to the restriction of the experimental platform, the practical electromagnetic torque cannot be measured directly. However, the practical electromagnetic torque is approximately equal to the estimated electromagnetic torque under healthy condition [40] . Hence, the electromagnetic torque is estimated based on the stator currents and stator flux linkage. Fig. 9 and Fig. 10 show the experimental waveforms of the stator currents, speed, electromagnetic torque and ZSVC under healthy condition and fault condition, respectively, in which the load is equal to 2 N.m and the reference speed of the PMSM is equal to 600 r/min. Additionally, under fault condition, the HRC occurs in the phase a (R add_a = 5 ). It can be seen from Fig. 9(a)-(d) and Fig. 10(a)-(d) that the HRC has no obvious influence on the stator currents, speed, torque and ZSVC just observed from the time-domain waveforms. As seen from Fig. 9(e) and Fig. 10(e) , the ZSVC u 0,m is obviously affected by the HRC fault, which is in good agreement with the simulation results. In addition, FFT are applied to extract the amplitude and the initial phase angle of the measured ZSVC u 0,m and stator currents. Under fault condition, the amplitude U and the angle α of the measured ZSVC u 0,m are equal to 1.74 and −6.6 deg., respectively, and the amplitude I a and the angle θ a of the stator current i a are equal to 1.06 and 174.1 deg., respectively, and the amplitude I b and angle θ b of the stator current i b are equal to 1.06 and 53.5 deg., respectively. By substituting the obtained values of U , α, I a , θ a , I b , and θ b into (12) , R a and R b can be calculated and are equal to 3.28 and -1.6, respectively. According to (6) , the resistance deviations R c is calculated as −1.68. Then the deviation resistances ( R a , R b , R c ) are further processed by (14) , and δR a , δR b and δR c are equal to 4.96, 0.08 and 0, respectively, showing that the resistance deviations can be effectively estimated under fault condition.
The experimental results of the PMSM drive system under different fault conditions are listed in Table 6 , where the reference speed is equal to 480 r/min and the load is equal to 85.7% rated load. It is seen that the estimated resistance deviations (δR a and δR b ) are nearly equal to the actual values of the additional resistances (R add_a and R add_b ), and the difference between the estimated resistance deviation and the theoretical one is not more than 0.1 . Additionally, Table 6 also lists the theoretical fault severity factor F T and the estimated fault severity factor F E . It is seen that the estimated fault severity F E is nearly to the theoretical fault severity F T for the HRC in two phases or one phase, where the difference between the estimated fault severity and theoretical one is not more than 0.95%. Therefore, the fault can be diagnosed, the faulty phase can be identified and the fault severity can be obtained by the obtained resistance deviations even for its smaller value (F T = 7.6%). In addition, it can be seen that the obtained resistance deviations of the healthy phases are not equal to 0 and has a small value as the HRC is simulated in phase a or phases a and b. Therefore, a suitable value of δR can be selected as a threshold to avoid the false detection.
B. ROBUSTNESS ANALYSIS
The experiment is performed under different operating points to test the robustness of the fault severity estimation method, where R add_a = 2.4 is added in the phase a. Tables 7 and 8 give the experimental results at different loads with the speed of 480 r/min and at different speeds with 85.7% rated load, respectively. It is seen that the calculated resistance deviations are close to the actual values of the additional resistances in the stator winding, where the difference between the estimated resistance deviation and the theoretical one is not more than 0.07 . It is noted that the calculated resistance deviations are hardly influenced by the operating point. Hence, it is shown that the proposed method is hardly affected by the PMSM operating points. In addition, it can be known that a little difference exists between the experimental results and simulation results.
The difference may be caused by the combination of several factors, such as the influence of the controller, inherent perfection of the manufacturing and installation of the PMSM, the measurement interference of the sensors. Even so, both the simulation and experimental results indicate that the presented method can be effectively applied to estimate the HRC fault severity.
V. CONCLUSIONS
In this paper, the HRC fault severity estimation method is proposed. The proposed method uses the relationship between the stator current, ZSVC and resistance deviations to establish an equation group about the resistance deviations. The fault severity is estimated by the resistance deviations calculated from the equation group. Both the experimental and simulation results indicate that the proposed method not only can detect the HRC and locate the faulty phase, but also can evaluate the fault severity, being hardly affected by the PMSM operating points. As stated in Section IV. B, the accuracy of the proposed fault severity method is affected by several factors, such as the inherent perfection of the manufacturing and installation of the PMSM, the measurement interference of the sensors. Hence, to further improve the accuracy of the fault severity estimation, some compensation methods are required to remove the influence. It will be an interesting topic in the future research.
In addition, besides the HRC, the other faults (e.g. phaseto-phase fault, inter-turn fault) can lead to the same harmonic component in the ZSVC u 0,m , such as the fundamental component. Hence, the further works can focus on how to distinguish the HRC from other faults with the same harmonic component, removing the influence on the HRC fault severity estimation. According to (12) and (B1), as the HRC occurs in the phases a and b, the range of α in (11) is presented in Fig. 11 . It can be seen that α is between θ a + π and θ b + π . Hence, on the basis of Fig. 11, (11) and (B1), it is known that the angle difference between u 0,m and i b (or i a ) is between π /3 and π for the fault in phases a and b. As the HRC fault is appeared in other phases, the similar results are obtained. Therefore, d x (x = a, b, c) defined in (12) is summarized in Table 1 . 
It can be clearly seen from (C3) and (C6) that R add is different from R in (5). Furthermore, according to (C3) and (C6), the sum of R a , R b and R c is equal to zero, which verify that (6) is satisfied. Hence, to achieve the effective HRC fault diagnosis, the deviation resistances ( R a , R b , R c ) are further processed by (14) .
